ABSTRACT
. Introduction
The classification of carotid artery plaques remains a challenge for all current non-invasive imaging techniques. emboli which in turn might cause cerebral infarction (e.g. Figure 1 , the transducer was mounted to a manual rotational device, such that the ultrasound beam intersected the axis of rotation at a distance of D,n, = 58.53 mm. The rotational device was in turn mounted to a 3D translation system. The rf signal from the pulserheceiver was digitized by a digital storage oscilloscope, DSO, (type 9450, LeCroy Corporation, Geneva, Switzerland), that in turn was connected via a GPIB interface to a Windows NT based workstation. By use of an RS232 interface, the 3D translation system could designed software allowed control of the DSO 
. Clinical Procedure and Data Acquisition
From December 1994 to April 1996 plaques from 13 patients with carotid artery disease (12 men and 1 woman, prophylactic carotid endarterectomy. All patients were median age 63 years, range 54 -73) were removed by referred to the Department of Vascular Surgery, Rigshospitalet, Copenhagen, with neurological symptoms from the same side as the stenotic carotid artery. The neurological symptoms were stroke (n = 3), transient All patients gave informed consent and the study protocol ischemic attack (TIA) (n = 9) or amaurosis fug= (n = 1).
Copenhagen and Frederiksberg counties (#W 01-375194).
was approved by the medical ethics committee for
The plaques were fixed in formalin for a duration of up to 2 weeks before scanning. The longitudinally opened 
. Histological Analysis
from the plaques which were subsequently laced back into Following ultrasound scanning, sutures were removed a shape that matched the in vivo form as well as possible. After measuring the length of the entire specimen, transverse blocks were cut at approximately 3 mm distance. After processing the blocks in paraffin, microtome sections were cut from each block. These were stained with Haematoxylin and Eosin as well as a connective tissue stain as Van Gieson and eventually formed by a single experienced pathologist using a stained for elastin. The histological analysis was permicroscope. The microscopic images were transferred to a computer for outlining and determination of area. The features analyzed were area of lipid, haemorrhage, thrombus, calcification and fibrous tissues. The volu-metric contents of the five materials in each plaque could then be estimated from the spatial separation of the microtome sections.
. Signal Processing and Feature Extraction
sensitivity function, the axial resolution size had to be In order to obtain range cells with an omnidirectional made equal to the lateral resolution size This was done by multiplying the received signal segment, &(x, y, G 0,  I ) , from each range cell with a Gaussian window The -3 dB length of this window, &, roughly corresponded to the -3 dB width of the ultrasound beam at D,o,. The result of the multiplication was then integrated in order to measure the energy of the received signal from that range cell
Before the images could be used, the range cells con-E(x, y, z, 8) thus formed a set of five volume images.
taining sutures had to be masked out manually. Very simple features could then be extracted from these volume images. In Figure 3 , a given range cell is considered, and it is indicated how the five associated voxel values can be used to calculate six simple features. For each plaque, paper, these "feature volume images" were reduced to a new volume image was found for each feature. 
Analysis Technique
represented in vector X, and an ultrasound feature.
The correlation between the histological results, contained in matrix g, were investigated using the linear model, = a. The regression parameters, 0, were found based on the least squares solution. The residuals could be calculated as: E = p -a. An efficient and correct way to search for, and identify features predicting the content of a given material is to investigate a large number of possible features on a subset of the data available (training set) and then test the performance of each feature on the remaining data (test set). This approach was not possible at the present stage of the project, where only 13 plaques had been scanned. Consequently, only the'six above features were investigated for the entire data set, as these were all expected to correlate with the histological results, based on Picano's findings'6'.
. Results
A total of 13 plaques have been scanned in vitro in 3D. Of these, the first 3 plaques were scanned from the insonification angles -20'. 0 ' and 20', while the remaining were scanned from the insonification angles The relative content of fibrous tissues, calcification and "soft" materials (lipid materials, thrombosis and blood, which are assumed indistinguishable by ultrasound) were 72.5 S . 9 %, 0.7 MS % and 26.9 510.1 %, respectively (mean f one standard deviation). 
. Discussion
minimum slope of the received signal energy (spatially The preliminary results in Figure 4 suggest that averaged over the entire plaque), F,,,,, is proportional to relative content of fibrous tissues. The plaques investigated in this study consisted mainly of fibrous tissues and lipid materials. Therefore, these results could be compared fibrous plaques: For these three groups of plaques, they to the findings of Picano et for fatQ, fibrofatfy and found that the received signal energy over a 60' angular span varied increasingly. Specifically, while both fatty and fibrofatty plaques featured angular intervals with no angle-dependence, fibrous plaques displayed continuous angle-dependence. As F,,,,, is a measure of the magnitude of the slope, in the interval where the angle-dependence is smallest, the present results are in good agreement with the results of Picano er al.
presented here are more encouraging than the results It should also be noted that the preliminary results found in an investigation of clinical B-mode images'". This is not surprising, as the ultrasound data used in [4] were recorded in vivo and thus only originated from a single scan plane. Furthermore, the echo signals were disturbed by the inhomogeneous transmission medium between transducer and plaque. In addition, in studies like [4] , the angle-dependence is a problem, not an extra source of information.
paper, a number of sources of error exist, which should Despite the good preliminary results presented in this be kept in mind when evaluating the performance of the method:
a) The plaque was only scanned over an angle interval of 40' in one plane. Thus the entire angledependence pattern (a complete 180' scanning in two planes) is not known, and only an estimate of the angle-dependence pattern can be obtained. b) The ultrasound method used in this study might be much more accurate than the pathological analysis, First, sections were cut with a coarse spatial samwhich presently is considered the "golden standard". pling interval of 3 mm. Second, the histological constituents were often mixed, making drawing of exact borders difficult. Thus the histological results might be associated with a relatively larger error compared to the ultrasound data.
. Conclusions
have been scanned with ultrasound and data related to a 
